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ABSTRACT

3

The future of spin-electronics or “spintronics” lies in the development of viable
magnetic semiconductors that can effectively operate at room temperature. Vanadium
tetracyanoethylene (V[TCNE].;) is a magnetic semiconductor with an ordering
temperature well above that of room temperature. Its highly disordered structure has
hampered a comprehensive description of the interactions between the V and TCNE sub-
lattices that give rise to its magnetic and electrical properties. We report the results of
high-resolution x-ray absorption (XAS) and magnetic circular dichrosim (MCD) studies
probing the electronic structure of V[TCNE]., in an effort to elucidate the nature of these
interactions. Included in this study are the first reports of gas phase neutral TCNE XAS
spectra as well as the first reports of MCD spectra of the carbon and nitrogen absorption
edges for the V[TCNE].; system. The vanadium spectrum reveals a spin split L3 and L,
spectrum that is qualitatively modeled for V(II) using crystal field multiplet (CFM)
theory calculations except for a region of excess intensity on the high energy side of both
the L; and L, absorption edges. We speculate that the origin of this excess intensity is
vanadium present in valence states higher than V(II) and antibonding states from the
hybridization of the V centers and TCNE. Despite the localized nature of the x-ray
absorption process the C and N spectra of the TCNE suggest that we are probing
molecular final states of TCNE from different sites rather atomically isolated states. In
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addition, the carbon and nitrogen absorption spectra reveal that this molecular orbital
structure remains largely intact in going from the gas phase to the condensed phase in
V[TCNE].,., The value in the high-resolution experimental data is exposed as new
features are detected unveiling the effects of magnetic exchange in the system leading to
spin splitting of the singly occupied molecular orbital of [TCNE]" as revealed by the
carbon and nitrogen XAS and MCD spectra. Remarkable alignment of low photon
energy features in the vanadium, carbon, and nitrogen spectra reveal a strong hybridized
structure between the valence molecular orbitals of TCNE and the vanadium 3d orbitals.
Associated MCD spectra elucidate the polarization associated with the particular XAS
features and we speculate on the mechanism of magnetic interaction between the V and
TCNE sub-lattices. We also report for the first time the electric field effects of
V[TCNE].,. We construct field-effect devices and demonstrate the field effect and
measure the current-voltage characteristics of these devices under varying applied gate

voltages.

The views expressed in this article are those of the author and do not reflect the official
policy or position of the United States Air Force, Department of Defense, or the U.S.
Government.
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CHAPTER 1

INTRODUCTION

In the July 1, 2005 issue of Science 125 questions were posed to which we don’t
currently know the answers but should be solvable within the next 25 years.! One of the
125 questions posed deals with the possibility of developing a magnetic semiconductor
that operates at room temperature. The answer to that question is it has already been
done — in 1991 the first room temperature magnetic semiconductor was introduced,
V[TCNE]-.? The future of spin-electronics or “spintronics” is in the hands of magnetic
semiconductors and the commercial viability relies on magnetic semiconducting
materials that operate at room temperature. The spintronics area is based on the ability of
devices to control not only the charge conduction not just through the traditional p- or n-
type control but also through control of the charge’s quantum spin state. Spin-valve
devices are a very good example of how the spin state of electrons is manipulated to
control charge conduction.” The typical magnets used in spin valve devices (Fe, Co, etc.)
provide only the order of 50% spin polarization making them effective but relatively
inefficient devices; whereas, magnetic semiconductors could potentially provide near

total spin polarization leading to far more efficient devices. In addition, magnetic



semiconductors may reduce the need for complex layered devices to get the same effect
magnetic semiconductors can provide alone.

If VITCNE]-, has existed for well over a decade, why then was this question in a list
of things yet unanswered? The answer to that question may lie in the fact that the
materials itself poses some very challenging questions that remain partially or altogether
unanswered. However, new organic magnetic materials and in depth studies of organic
magnetic materials are making their way into the literature, and thus, scientists are

learning more and more about what makes them tick (see Fig 1.1).

# of publications

2004
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Figure 1.1. Publications per year on the subject of organic magnetic materials since 1991.
Last year saw a nearly six-fold increase in the number of publications over 1991 — the
year of the introduction of V[TCNE].,.*

The biggest challenge lies in developing more and better organic magnetic materials
with truly tailorable properties. The idea of tailorable properties is not unique to organic
magnets but it is a trait commonly cited as an advantage for organic-based materials over

their inorganic counterparts. The key lies in fully understanding the mechanism behind
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the magnetic interactions in organic-based magnets down to the microscopic interactions
between atoms and molecules or atomic and molecular orbitals. This first part of this
work is dedicated to furthering the understanding of these interactions in V[TCNE].,
with an eye to supplying general knowledge of these interactions to those who follow to
design next generation organic-based magnetic semiconductor materials.

The second challenge lies in demonstrating the application of these materials in ways
that push the envelope of modern electronics rather than offer only a replacement of
current technologies with modest increases in performance. The second portion of this
work is dedicated to demonstrating for the first time the application of V[TCNE]-; in an
organic field-effect transistor. Organic field-effect transistors (OFET) have themselves
been receiving and continue to receive a great deal of attention since the first
demonstration of such devices in the mid-1980’s.” In many ways OFETs are similar to
their ubiquitous inorganic silicon-based counterparts and in many ways they are different.
It is these differences that offer the possibility of inexpensive, flexible electronic circuits
in devices such as radio-frequency identification tags® and flexible displays.” OFETs
based on magnetic semiconductors offer an additional interesting ability in the possibility
in being able to control the spin quantum state of the charge carriers. On the other hand,
the OFET architecture offers the interesting possibility of electric field controlled
magnetism akin to the recently demonstrated photo control of magnetism in V[TCNE].,.*

This work is organized in the following manner: a general background will be
provided on organic magnetism with an introduction and history of V[TCNE]., along
with a background of the x-ray techniques and theoretical models used in this study in the

first part of Chap. 2. Chap. 2 will then continue with an introduction to the fundamentals

3



of field-effects transistors. Chap. 3 will detail the experimental techniques used in
carrying out these studies to include x-ray absorption (XAS) and magnetic circular
dichroism (MCD) spectroscopies as well as atomic multiplet theory calculations to model
the experimental spectra. Chap. 4 details the results of the XAS and the MCD studies
showing possible hybridization between the vanadium and TCNE sub-lattices and
indication of spin polarized sub-bands as a mechanism for magnetism in the system.
Chap. 5 discusses the results and implications of the studies of the electric field effects on
V[TCNE]., which reveal unusual n-channel behavior of the material. Chap. 6 will

provide concluding remarks and future outlook.



CHAPTER 2

BACKGROUND

2.1 Organic-Based Magnets and Magnetism

The magnetic phenomena typically associated with the common, everyday inorganic
magnetic materials, transition metal and rare earth magnets, can also be applied to
organic-based magnetic materials. The major difference is that organic-based magnetic
materials carry with them the advantages commonly cited for organic material versus
inorganic materials. These advantages range from low density, low temperature
processing, and solubility to biocompatibility, transparency, and chemical tailorability. It
is this last attribute, chemical tailorability, which has led to a rather rapid development in
the wide ranging properties of organic-based magnetic materials to include very high (27
kOe) and very low (few Oe) coercivities as well as high and low remanent and saturation
magnetizations.’

Classically, Lenz’s law dictates that under the application of a magnetic field
electrons will change their orbital velocity to oppose the applied field. This opposition of
the applied magnetic field leads to a diamagnetic response. Every material has a
diamagnetic response, that is, a tendency to oppose an applied magnetic field with an

associated orbital magnetic moment aligned opposite to the field. In addition to the



orbital magnetic moment electrons also have an intrinsic angular momentum known as
electron spin, which takes on one of two values, +). (spin-up) or —'2 (spin-down).
Electrons then also possess a spin magnetic moment. In purely diamagnetic materials all
the electron orbitals are completely full or completely empty which means that all the
electrons are paired and there is no net spin magnetic moment as the paired electrons are
aligned antiparallel to each other via the Pauli exclusion principle. Materials with
unpaired electrons, such as radicals, can possess an intrinsic magnetic moment. The
application of a magnetic field tends to align the magnetic moments of these unpaired
electrons parallel to the field thus attracting the material into the applied field. This is
known as the paramagnetic response of a material. In addition to a response to an applied
magnetic field, unpaired electron spins interact with each other within the material which
leads to the different spin arrangements as shown in Fig. 2.1.

At this point it is prudent to point out that mere ferromagnetic, antiferromagnetic or
ferrimagnetic coupling of spins is not enough for materials to exhibit magnetic behavior
as magnetism is not simply a quantum mechanical property but rather a cooperative bulk
solid-state phenomenon. To put it simply it takes not just one pair of electrons coupling
magnetically but many, many pairs of electrons coupling magnetically and cooperatively
throughout the bulk of the material in order for a material to behave magnetically.
Henceforth, the term “magnetic coupling” will refer to adjacent spins aligning ferro-,
antiferro- or ferrimagnetically and the term “magnetic ordering” will refer to the
cooperative alignment of many coupled pairs of spins that gives rise to bulk magnetic

behavior.



t

(=]

VAV NN
tl\f—f'/T\
I
)

“|_,

O O
[

- —|_
- —>_, —

Figure 2.1. Various electron spin interaction in magnetic materials. Top left panel —
paramagnetic materials have electrons spins that do not interact and continually change
direction and would have different orientations at time ty and t; and thus do not possess a
bulk magnetic moment. Top right panel — ferromagnetic materials have electron spins
that align parallel to each other which gives rise to a net magnetic moment. Bottom left
panel — antiferromagnetic materials have electron spins that align antiparallel to each
other so that no net bulk magnetic moment is realized. Bottom right panel —
ferrimagnetic materials have unequal numbers of electron spins that are aligned
antiparallel to each other so that a net magnetic moment is present.

Magnetism in conventional magnets arises from coupling of intrinsic spins on
adjacent atoms or atomic ions. In order to discuss organic-based magnetic materials it
will be necessary to discuss them from the point of view of individual molecules or
molecular ions and the electronic orbitals therein where unpaired electron spins reside.
Each orbital in a molecule or molecular ion may contain two electrons, and due to the
Pauli principle one of these electrons must be spin-up (T) and the other spin-down ({)
which leads to spin cancelling and no net magnetic moment. In molecular radicals at
least one orbital has only one electron either spin-up or spin-down. If, by chance, these

unpaired electrons interact in such a manner that they “feel” each others presence they



can align parallel (TT or {4) or antiparallel (3T or TV) giving rise to ferromagnetic
coupling and antiferromagnetic coupling, respectively.

Unlike conventional metal or ceramic magnets, organic-based magnetic materials
introduce new mechanisms or theories for inducing stabilized ferromagnetic coupling.

The spin Hamiltonian, # =-2JS,-S,, describes the spin interaction between spin with

the exchange constant J describing the degree of alignment between these spins. J > 0
indicates ferromagnetic coupling while J < O indicates antiferromagnetic coupling. As
mentioned previously, simple magnetic coupling of adjacent electrons does not lead to
bulk magnetic behavior but requires cooperative arrangements of many spins throughout
the bulk of the material. The point at which a material crosses over from nonmagnetic to
magnetic is reached as a function of decreasing temperature and is called its ordering
temperature T,. The T, of a material is directly measurable in an instrument such as a
SQUID magnetometer. The value of J is not measurable but is extracted from other
measurable data that is fit to a model describing the coupling mechanism between spins.
There are three prevailing spin coupling mechanisms that have been formulated that are
known to lead to finite values of J.

The first mechanism, the Hund’s rule mechanism, involves ferromagnetic exchange
between spins in orthogonal orbitals (zero overlap) in the same spatial region. As the
description of the mechanism suggests, this mechanism leads only to ferromagnetic
coupling. Due to Hund’s rule for spin multiplicity when spins in orthogonal orbitals near
each other they will align parallel to each other resulting in J > O or ferromagnetic
coupling. The closer the spins approach one another the higher the value of J. An

example of this mechanism, which is limited to intramolecular interactions, is found in
8



diatomic oxygen, O,, where a pair of degenerate m, orbitals have one electron each
aligned parallel to each other. If this mechanism is extended to large numbers of spins in
larger molecules in two- or three-dimensional systems then bulk ferromagnetic behavior
can be observed. Examples of this type of coupling are found in single-molecule
“magnets” such as Mnlz.lo

The second of these mechanisms is the configuration interaction (CI) mechanism for
spatially distant spin systems unlike the previous case example of O,."" This mechanism
requires intense calculations that include the total wave function of the system to be
evaluated. Simply put this mechanism evaluates an admixture of the excited state into
the ground state to approximate the system. This mechanism is used to describe either
inter- or intramolecular interactions and includes mechanisms such as superexchange and
double exchange. If the excited state is in a high-spin state leaving a high-spin ground
state then the admixture leads to stabilized ferromagnetic or antiferromagnetic coupling.
Assessment of this (CI) admixture mechanism is complex with a great deal of
calculations involved and is, of course, very dependent upon the initial description of the
excited and ground states or the wave functions chosen to represent them. The simplest
approach involves including only those spin-carrying orbitals that couple leading to
ferromagnetic interactions; however, more complex descriptions can be formulated which
involve more initial information but which also lead to a better approximation of the
ground state of these species.

One example of a more complex formulation of the configuration interaction is
shown in Figure 2.2. Here the spin in the partially occupied molecular orbital (POMO)

of the carbon atom polarizes the spin in the orthogonal bond adjacent to it. While a
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Figure 2.2. The unpaired electron spin in a carbon atom polarizing the electrons in the
orthogonal bond adjacent to it as described by a CI admixture model. (After Ref. 11)
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Figure 2.3. Proposed high-spin carbene sheet. (After ref. 11)



valence bond model is typical, more detailed calculations reveal that the true nature of the
interaction has a small amount of antibonding character from the excited state mixed into
the ground state, so the CI admixture approach is a more appropriate model for
describing such interactions. A proposed example of this mechanism is a high-spin
planar carbene sheet in which each of the benzene rings are meta-coupled
diphenylcarbene moieties that have alternating hydrocarbons ferromagnetically coupling
as shown in Figure 2.3.

Another example of the implementation of the CI admixture model is for alternating
donor (D)-acceptor (A) charge transfer chains (" "A*' D" A+ D+’ A ") as was described by
McConnell and laid out in Ref. 12. In this case, even though spins on adjacent sites may
be separated in space and energy by large amounts and frontier orbitals overlap only
minimally, spins can still couple ferromagnetically or antiferromagnetically.
Antiferromagnetic coupling requires that the orbitals of both the D and A are half-filled
and nondegenerate. Taking ("As'D) as the repeat unit then the D<«—A or A<D charge
transfer results in stable antiferromagnetic coupling which lowers the total energy as
depicted in Figure 2.4a. If the spins are ferromagnetically coupled the total energy of the
system is not reduced. On the other hand, ferromagnetic coupling requires that the
orbitals on either A or D be partially filled (not half-filled) and degenerate, A as shown in
Figure 2.4b. Charge transfer D<A stabilizes ferromagnetic coupling as shown in Figure
2.4b. Alternatively A<—D charge transfer stabilizes antiferromagnetic coupling (not

shown).
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Figure 2.4. Stabilization of adjacent “A'D units in (a) antiferromagnetic or (b)
ferromagnetic coupling via configuration interaction. (After ref. 11)

The third mechanism is the dipole-dipole coupling or through-space mechanism
which is also inter- or intramolecular and leads to ferro- or antiferromagnetic coupling of
spins. This is the weakest of the magnetic coupling schemes, especially when it does not
involve overlap of electronic orbitals. Since the magnetic interactions in this case are so
weak they typically only lead to bulk magnetic behavior at very low temperatures, < ~2
K. These interactions arise from the generation of the small magnetic fields from the
electron spins. In its simplest form one can think of each electron spin as a tiny magnet,
and when these tiny magnets are close to one another they can influence the direction of
the magnetic moment of each other just as large macroscopic magnets do when held in
the hands. Such a mechanism might explain the ferromagnetic ordering obtained in the

wholly organic ferromagnet 4-nitrophenyl nitronyl nitroxide, Figure 2.5."
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Figure 2.5. The first wholly organic ferromagnet p-nitrophenyl nitronyl nitroxide with an
ordering temperature of 0.6 K.

Once again these mechanisms are used only to describe coupling between spins,
magnetic ordering is a bulk solid state cooperative process. A net magnetic moment in
the material will manifest itself only if there are many of these couplings working in
concert throughout the bulk. For example, the CI coupling mechanism is used to explain
the magnetic coupling in V[TCNE].,. This is an example of a system of alternating
donors (V—V?") and acceptors (TCNE—[TCNE]") that is proposed to ferrimagnetically
couple with the V 3d (S = 3/2) orbitals polarizing oppositely to those of the two [TCNE]
* (S = 1/2) leaving a net spin S = 1/2. The collection of many repeat units throughout
the bulk of the material leads to ferrimagnetic ordering and a net magnetic moment.

V[TCNE]., will now be discussed in more detail.

2.2.1 The Organic-Based Magnetic Semiconductor V[TCNE].,

Vanadium tetracyanoethylene (V[TCNE].;) is the first reported molecule-based
organic magnetic material to have a T, above room temperature. Early versions of this
material were synthesized via solution chemistry resulting in a powder. The structure

was reported as a 3-D network of vanadium cations linked together via bridging from the
13



[TCNE]" ligands with solvent molecules also left incorporated into the final structure.
The nature of the coordination between the vanadium centers and the solvent can have a
profound effect on the magnetization versus temperature characteristics of the material as
shown in Fig 2.6. As the strength of coordination of the solvent to the V increases
(CH,Cl, < THF < acetonitrile) the magnitude of the magnetization decreases.'* The
coordinating solvent molecules replace the N atoms from the [TCNE]  effectively
reducing the magnetization. Immediately the mediation of the magnetic properties via
these bridging [TCNE]™ molecules is evident.

Later on, is was discovered that thin films of V[TCNE]., can be synthesized via
chemical vapor deposition (CVD) techniques leaving solventless films — the form studied
in this work."” Instead of the linear, nearly monotonic decrease in magnetization as
shown in Fig. 2.6 for the solution prepared samples the CVD films displayed the behavior
of more ordered films as shown in Fig. 2.7 where the magnetization is nearly constant
through the temperature range below T.. The sudden drop in magnetization at ~370 K is
due not to the material reaching its ordering temperature but to degradation of the
material.

Magnetotransport measurements of V[TCNE]., films revealed that the material has
an unusually large positive magnetoresistance (MR) response that increases linearly with
applied magnetic field and displays a maximum at its ordering temperature.'® Fig. 2.8

shows a typical high field MR curve for V[TCNE].; illustrating the unusually large MR
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Figure 2.6. Magnetization as a function of temperature for vanadium tetracyanoethylene

prepared via solvent methods in the form of V[TCNE].; * y(solvent). (Redrawn from Ref.
14)
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Figure 2.7. Magnetization of CVD films of V[TCNE].,. The nearly constant

magnetization as a function of temperature indicates an ordered film. (Redrawn from Ref.
15)
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response as well as an anomalous behavior in relation to the material’s ordering
temperature. This curve was generated from a V[TCNE]., sample with a T, ~ 300K and
as can be observed from the figure measurements taken at temperature below the T, yield
a linear MR response but those taken above the T, yield a quadratic behavior in the MR
response.

To explain this anomalous behavior Prigodin, et al. took the average stoichiometry of
V[TCNE], per repeat unit and assumed the vanadium(Il) centers have their unpaired
electrons in 3d orbitals yielding S = 3/2 and the [TCNE]™ moieties have their unpaired
electrons in ©t* orbitals yielding S = 1/2 each or S = 1 total for the two [TCNE]" per
repeat. Fig. 2.9 shows the assumed spatial distribution and relative energy of these
levels.

The theory developed for weak field magnetoresistance for conventional

semiconductors that follow resistivity versus temperature profiles according to
T 1/4
p(T)=p, exp[ﬂ @.1)
yields
4 3/4
| 2ELT) | A(éj [Lj 2.2)
0(0,7) A)\T

to model the MR response (see Ref. 17 and refs. therein). Attempts at applying this
theory with the appropriate parameters for V[TCNE]., predict an MR response three

orders of magnitude lower than what is observed for V[TCNE].,.
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Figure 2.8. Magnetoresistance measurement results for V[TCNE]-, (T, > 300K) recorded
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at 260 K (top) and 300 K (bottom). Below T, the magnetoresistance (MR) is linear with

temperature but above T, the MR displays a quadratic behavior.
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Figure 2.9. 1-D spatial distribution and relative energy alignment of the V** 34 and
[TCNE]™ =* levels in V[TCNE].,. Each [TCNE]™ =n* orbital can accommodate two
electrons with antiparallel spins, but the addition of an electron to the singly occupied
molecular orbital carries with it an additional Coulomb repulsion energy, U.. The n* +
U., a separate sub-band as viewed in this model, level is involved in hopping charge
transport along with the V 3d level.

Each V*" is paired with two [TCNE]~ and the spins in the [TCNE]™ are aligned
opposite that of the V> which gives a net magnetic spin of the V[TCNE], repeat of Sy =
(S =3/2) — 2(S = 1/2) = 1/2, which is consistent with the saturation magnetization of
~5400 emu Oe/mol reported for V[TCNE]., films. Charge transport through the
materials is suggested to occur via an electron hopping mechanism involving the TCNE
n* + U; and V 3d levels. The n* + U, level, viewed as separate sub-band in this model,
arises from the Coulomb repulsion energy, U., from placing a second electron in the
already singly occupied n* orbital in accordance with the Hubbard model."

Following this model (see Refs. 16, 17, and 20) of oppositely polarized sub-bands

the energy gap of the system is approximated as AE=U_,-4J <S><a>, where U, is the
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aforementioned coulomb repulsion energy of the n* orbital, J is the magnetic exchange

constant, <S> is the spin = 3/2 polarization of the V 3d sub-band, and <0> is the spin =

1/2 polarization of the n* sub-band. The application of a magnetic field to V[TCNE].,
polarizes the electrons spins, i.e. induces paramagnetic behavior, which increases on

nearing the ordering temperature, T.. Above T, within the mean field approximation

<S>~ —<0'>~ yh, where y is the Curie-Weiss susceptibility per spin, ¥ = 1/6 (6 =

(T-T.)/T, the "distance" from T.) and h = pgH/(ksT.), where H is the applied field, h**
<< § << 1, where h*” defines some critical region around T.. The model reproduces the
quadratic dependence of the MR on field as seen in Fig. 2.8, the MR ~ (h/8)%. In some

critical region around T, where |5| << h*?, the induced polarization obeys the scaling law

<S > ~— <U> ~h'? and the MR ~ h**. Below Tk |§| >> h*'? spontaneous spin polarization

1/2

occurs and <S> ~ —<G> ~ |§| MR ~ h/|5|1/2, reproducing the linear behavior of the
magnetoresistance shown in Fig. 2.8. In addition, the MR as a function of temperature
has its maximum near the T, of the V[TCNE].,; sample and the maximum MR value
predicted by the model is on the order of the observed value.

The observed experimental data is thus consistent with the picture of fully spin-
polarized sub-bands in V[TCNE]., in which the valence and conduction bands are
described to be oppositely polarized to each other. This has been termed a half-
semiconducting state — a very desirable situation for applications such as spin-valve

devices. However, there remains to date no experimental evidence of this spin-polarized

sub-band model in V[TCNE].,, which is the focus of this work.
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2.3  X-ray Absorption Spectroscopy (XAS) & Magnetic Circular
Dichroism (MCD)

X-ray absorption spectroscopy (XAS) is a broad term that encompasses a number of
techniques that have become standard techniques for probing the electronic and atomic
structure surrounding a specific element, and with the synchrotron radiation facilities
available today XAS techniques are among the most powerful experimental techniques
available to probe local structure in and surrounding atoms. XAS is typically broken
down in to two categories — near-edge x-ray fine structure (NEXAFS, also know as x-ray
absorption near edge structure or XANES) and extended x-ray absorption fine structure
(EXAFS). The latter is a technique that examines x-ray absorption far above the
absorption edge (>30 eV) by analyzing oscillations in absorption spectra to determine
bonding and the coordination environment. NEXAFS is the primary experimental
technique used in this work and will be detailed more below and in following sections.

For the sake for brevity, NEXAFS will be referred to by its broader term XAS
throughout the remainder of this work. Briefly, the XAS technique functions by
irradiating a sample with x-rays in the energy range of ~100-1000 eV. X-rays in
resonance with core level electrons are absorbed causing the core electron to be excited,
see Fig. 2.10. Unlike photoelectron emission spectroscopies in which electrons are
excited into the continuum the electrons in XAS are captured in unoccupied orbitals
above the Fermi energy level. In this respect XAS is a probe of the electronic structure of
the unoccupied states of an atom. Since the core electron binding energies of different
atoms vary in energy, XAS is an element specific probe of the unoccupied electronic

structure.
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Figure 2.10. Schematic representation of the x-ray absorption process. X-rays in the
energy range of ~100-1000 eV in resonance with core level electrons are absorbed
exciting the electrons to unoccupied orbitals above the Fermi energy level.

XAS involves the use of high-intensity synchrotron radiation that can be scanned
through the available energy range. This being the case, a number of transitions (binding
energies) can be accessed for different elements. As the radiation energy is scanned

sharp rises in the absorption will be observed as the material absorbs incoming photons

according to the Beer-Lambert law, 1(w)=1,(w)e >, where I is the transmitted

intensity, [y is the incident intensity, p is the absorption cross-section and x is the sample
thickness. These sharp rises are known as absorption edges. The leading edge of the
absorption is determined by the binding energy of the core electrons being excited to the
lowest energy unoccupied state. Higher energies indicate excitation of the core electrons
into higher energy empty states. In principle, all core electrons can be excited into empty
states; however, the dipole selection rules drastically curtail the probability of some
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transitions and quadrupole transitions are typically markedly less intense. The spectral
shape of the absorption edge is determined by electron correlation effects and the density
of empty states or multiple scattering effects.”’ Commonly dipole allowed transitions are
those at the K-edge which indicates a transition from the ls core level, L;-edge from the
2s, M; from the 3s, and N; from the 4s. L,- and L;-edge absorptions occur from the 2,
with the difference being due to spin orbit coupling of the 2p level. M»-M3 and N»-Nj
absorptions come from the 3p and 4p levels with their associated spin orbit splittings.
Similarly, M4-Ms and N4-Ns absorption occur originate form the 3d and 4d levels,
respectively. K-edge and L-edge absorptions are the only ones discussion in this work
and will be detailed later on.

Magnetic circular dichroism (MCD), or more specifically x-ray MCD (XMCD), is a
measure of the difference between the absorption of left- and right-circularly polarized x-
rays by a ferro- or ferrimagnetic material. In using circularly polarized x-ray radiation

one measures the magnetic absorption cross-section of the material which is directly

proportional to the mean value of its magnetization, <M> Thus, MCD via XAS is an

element specific probe of the magnetization of a material that allows one to quantify the
contributions of both the spin and orbital angular momenta through the use of powerful

sum rules.?>?

In addition, spin orientations can be determined from the sign of the MCD
curves and magnetic and non-magnetic entities can be separated in heterogeneous
magnetic systems.

The MCD effect is a result of polarization-dependent selection rules, or rather there is

a difference in the transition probabilities for left- and right-circularly polarized x-rays

based not only on the initial state but the available final states as well as shown in Fig.
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2.11. If we take + as left and — as right circular polarization then the polarization

dependent absorption cross-sections are given as

+ +
o.catpr+raip,

o xcartptaip,
where a’t and 'l are the electron photoexcitation rates for up and down spin,

respectively, for left circular polarization; similar for ¢+ and « | for right circular
polarization. As it turns out the probability of exciting spin-up and spin-down electrons
from the L, edge is 25% and 75% with left circularly polarized light, respectively, while
the probability of exciting spin-up and spin-down electrons with right circularly polarized
light is 75% and 25% , respectively. For the L; edge the probabilities are 62.5% (spin-
up) and 37.5% (spin-down) with left and 37.5% (spin-up) and 62.5% (spin-down) with
right circularly polarized light.** Tt is these differences in transition probabilities that give
rise to the MCD signal in magnetic materials.

It should be noted that the absence of spin orbit coupling in both the initial and final
states gives rise to equal probabilities of exciting spin-up and spin-down electrons and,
thus, no MCD signal will be produced. Spin orbit coupling in only the final state, such as
is the case with K-edge absorption, will produce an MCD signal, but because the angular
parts of the dipole transition matrix are the same for both left and right circular
polarizations the MCD signal produced contains information only about the orbital
moment and not the spin moment, which is the case in 1ls — 2p transitions. Spin orbit
coupling in both the initial and final states leads to an MCD signal containing information
about both the orbital and spin moments such as is the case in 2p — 3d transitions. Both

of these types of transitions and subsequent MCD signals are measured in this work.
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Figure 2.11. Top — A schematic representation of the MCD process for, e.g., L-edge
absorption. Circularly polarized x-ray radiation excites electrons whose spin polarization
depends on the edge from which it is excited, L, or L. These spin polarized electrons are
then injected into unoccupied 3d orbitals. In a magnetic material there exists an
unbalance in the number of available empty spin-up and spin-down states causing the
absorption of the polarized radiation to be different. Bottom — an example of the dipole
allowed transitions for a typical transition metal, given as 2p°3d" — 2p”3d""", where AM
indicates the polarization of the incident photons. (Adapted from Ref. 24 and 25)
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The discussion will now turn to the theoretical treatment employed to model the
experimental XAS and MCD spectra collected in this work in an attempt to determine the
electronic structure of V[TCNE]., and the origin of the magnetic interaction between the

V and TCNE sub-lattices.

2.4  Atomic, Crystal Field, and Charge Transfer Multiplet Theories
There are a number of theoretical treatments that have been developed over the years
for studying both XAS and MCD spectra.’® The following gives a brief overview of the
fundamental basis of the theory employed in this work for modeling the experimental
XAS and MCD spectra collected.
The spectral intensity of an XAS absorption edge is described beginning with the

Fermi Golden Rule:

e-1®, ) b, < 1, 2.3)

Ixas ~ K(Di
Here, ®, and ®, are the final and initial states, respectively; €-ris the dipole matrix

accounts for the conservation of energy. In the fast approximation

element and d¢ ¢,

regime we approximate the final state as a core excited state, i.e. a core electron removed
and a continuum electron added. Using this approximation we can rewrite the matrix
elements ignoring all other electrons that are not involved in the transition. All other

electron rearrangements are ignored as well. The absorption intensity is then given by
. 2
as ~ ‘<c|e : r|g>‘ p (2.4)

where ¢ is the continuum electron, c is the core-hole, and p is the density of states. The

above equation then suggests that the orbital moment may only differ from the core state
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by one (AL = 1) as well as spin is conserved (AS = 0). Generally speaking the
quadrupole transitions are ca. 100 times weaker than the dipole transitions and can be
neglected. For tetrahedrally coordinated ions the quadrupole contribution is large in the
pre-edge region of the absorption; however, in this case, the vanadium metals centers are
octahedrally coordinated and the quadrupole transition can be ignored.

In general, for 1s K-edge XAS of metal centers, as well as ligands, these one-electron
approximations are suitable and give very good agreement to experimental data. In 2p
edge XAS, however, the single-particle approximation breaks down because of the strong
overlap between the core-hole wave function and the 3d valence wave functions. This
overlap of these wave functions must be considered in order to obtain a good

approximation of the spectral absorption edge.

2

IXAS ~‘<3d § 5Ef—Ei—hw (2.5)
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The model used here begins with atomic multiplet theory. The first problem encountered
in utilizing atomic multiplet theory in the case of XAS of V[TCNE]., films is that it is a
condensed solid possessing an extended valence structure but core-holes localized on
specific atomic positions. A solution to this predicament is to treat the core-hole using a
localized approach such as atomic multiplet theory and a more itinerant approach (band
theory) for the ground state.

We begin by attacking the core-hole issue starting with the atomic Hamiltonian:

2 2
H:( &+Z ¢
N 2m Foor

]"‘ze_z"'zg(’?)li "8 (2.6)

i#j Lij N
The first term in parentheses, H,,., contains the kinetic energy term and the interaction

with the nucleus and is the same for all electrons in a given configuration, e.g. 3d° for
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V[TCNE]-,. This term determines the average energy for a given state. The next term
represents the electron-electron repulsion, H,.. The last term, Hj, represents the spin-
orbit coupling. H,. is too large to be solved using perturbation techniques and is instead
addressed using the central field approximation in which the spherical average of the

electron-electron interaction is separated form the non-spherical part as shown below

TR

H,=H,-(H,)= Zi - <Zi> (2.7)

The non-spherical part, H! , is left having had the spherical part, <Hee> subtracted.

<H ee> is then added into H,,. to make up the average energy of the configuration. We are

now left with two terms required to calculate the energy of the configurations, H), and

Hi,.

In order to proceed with the next step of determining the matrix elements, we must
first determine the term symbols of the various configurations involved in the transitions.
This includes the initial and final states as well as any mixed states that may be used as
will be discussed later. Details of the procedure for finding these term symbols are given
in Appendix A.

After determining the number and symmetries associated with each specific
configuration, the matrix elements of these states are found using the atomic Hamiltonian

described above

2

e
Hatom = Zr_+ ;((r})lz "Si (28)
1#] 1/

where the first term is now the non-spherical portion of the electron-electron repulsion
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term. Since the electron-electron repulsion term commutes with L SZ, L., and S, all of

the off-diagonal elements are zero. The general formula for the matrix elements is

2
e

<2S+1L
J
I

12

2S“LJ> = z fF + z g,G" (2.9)
k k

where F* and G* are the Slater-Condon parameters for the radial part of the direct
Coulomb repulsion and the Coulomb exchange interaction, respectively, and f; and g are
the angul